Abstract. We contrast the effects of non-magnetic impurities on the properties of superconductors having a d x 2 −y 2 order parameter, and a highly anisotropic s-wave (ASW) gap with the same nodal structure. The non-vanishing, impurity induced, offdiagonal self-energy in the ASW state is shown to gap out the low energy excitations present in the clean system, leading to a qualitatively different impurity response of the single particle density of states compared to the d x 2 −y 2 state. We discuss how this behaviour can be employed to distinguish one state from the other by an analysis of high-resolution angle-resolved photoemission spectra.
tion of the off-diagonal self-energy [12] (which vanishes for symmetry reasons in the d x 2 −y 2 state), isotropic impurity scattering in an ASW superconductor leads to a smearing of the gap anisotropy, and the opening of a gap in the DOS over the whole Fermi surface, even if the gap had line nodes in the pure case. Hence, there is a clear qualitative difference in the impurity response of the ASW versus the d x 2 −y 2 state, which should be detectable in a careful systematic experimental study. We propose angle-resolved photoemission (ARPES) as a suitable probe for this effect. However, care must be taken in the interpretation of the spectra, as we shall discuss at the end of this paper.
We treat the impurity effects in the self-consistent t-matrix approximation [13] : The Matsubara components of the single particle propagator in the presence of non-magnetic impurities is expressed in Nambu space as (quantities with a hat represent matrices)
n + e
with e ω n = ω n + iΣ 0 , e ∆ k = ∆ k + Σ 1 , and e ξ k = ξ k + Σ 3 . Here ω n = π(2n + 1)T is the Matsubara frequency, T the temperature, ∆ k the OP (assumed to be real), and ξ k the quasiparticle energy 
T is the t-matrix, Γ = n i /(πN 0 ), n i the impurity concentration, and N 0 the DOS at ε F in the normal state. Finally the t-matrix is self-consistently determined from
where b The fundamental difference between the two states appears in the presence of non-magnetic impurities, signaled by the b σ 1 -component of the integrated single particle propagator
The symmetry of the d x 2 −y 2 gap makes the sum over k vanish, and therefore 
is the pair-breaking parameter. In the d x 2 −y 2 case, a = 1, and we obtain the critical concentration n c = π Next we consider the DOS, which is given by N(ω)/N 0 = −ImG 0 (iω n )j iω n =ω+iδ . Fig. 2 shows the impurity dependence of the DOS for the d x 2 −y 2 and the ASW state for the two scattering strengths c = 0, 1 at T = 0. Note that the frequency in these plots is scaled in terms of ∆ 00 , i. e., the gap suppression is taken into account. In the pure case, N(ω) is linear at small frequencies for both states. The logarithmic singularity at ω = ∆ 00 in the d x 2 −y 2 case is replaced by a cusp in the ASW state, due to our choice of η s (φ). As soon as impurities are doped into the system, the difference between the two states becomes apparent: Whereas, in the d The indication of an anisotropic gap found by ARPES [2] motivated us to calculate the impurity dependence of the spectral function A(k, ω), which is defined as
where b g 11 is the 11 component of the single particle matrix propagator. In the pure case of the BCS models we consider, the spectral function consists of the familiar two δ functions at the
where
Hence the quasiparticle peaks shift by an energy of E k − jξ k j when going from the normal to the superconducting state.
Before we proceed with the results obtained in the presence of impurities, let us briefly discuss the relation of the spectral function to the intensity I(k, ω) measured in an ARPES experiment. For a perfectly flat surface, the photoexcited electron preserves its momentum parallel to the surface, when leaving the sample. In the case of the cuprate superconductors, one therefore cleaves the crystal with a surface parallel to the a − b plane, so that momentum information is obtained about the relevant CuO 2 planes. Then the intensity becomes a function of the normal quasiparticle energy ξ, the angle φ, and ω. The energy difference of the outgoing electron to the incoming photon gives information about the negative frequency part of A(φ, ξ, ω). The substantial background intensity which is usually observed is caused by multiple inelastic scattering of some photoexcited electrons before they leave the sample. For a comparison of theoretical results to the measured spectra, it is important to take into account the finite experimental resolution, both in energy and momentum. We have simulated the effect of finite angular resolution by a Gaussian width ∆ ξ for the normal quasiparticle energy, and similarly the finite energy resolution by a corresponding width ∆ ω for the frequency.
We then argue that the measured intensity should be proportional to A(φ, ξ, ω < 0) integrated with these probability distributions.
In Fig. 3 , we plot the spectra for A(k F , φ = 0, ω < 0), i. e., along the direction of the gap maximum, calculated as a function of impurity concentration in the unitary limit for both states. We always plot the spectra for ξ = 0, i. e., at the Fermi surface, and T = 0. The top and bottom curves are obtained before and after the averaging process respectively. The resolution widths were chosen as ∆ ω /∆ 00 = 0.2, and ∆ ξ /∆ 00 = 0.5. Assuming a value of ∆ 00 ≈ 30meV, these values correspond to the best available resolutions on current spectrometers. For increasing impurity concentration the effect on the spectra is qualitatively similar for both states: the quasiparticle peaks shift to smaller energy (due to the reduction in ∆ 0 ), and they become substantially broadened. Around zero frequency, the spectra are different: Similar to the total DOS, the spectral weight is non-zero in the d x 2 −y 2 case, whereas there is a true gap in the ASW state around ω = 0. However the broadened spectra indicate that this difference would be difficult to detect, especially since it occurs in the vicinity of ε F , where the ARPES experiments suffer from a sharp drop in intensity. Fig. 4 shows the spectra along the node directions calculated with the same parameters as in Fig. 3 . Along this direction, the two states show a clear qualitative difference: for the d x 2 −y 2 state, the only effect of an enhanced impurity concentration is the broadening of the peak which remains right at ε F . In the ASW case, however, the opening up of a gap in the presence of impurities makes the peak shift away from ε F . When looking at the averaged spectra, we notice that the shift of the peak is still clearly visible, even though its sharp cutoff is smoothed out by the finite resolution. This shows that a clear distinction of the ASW from the d x 2 −y 2 state should be detectable in a systematic analysis of high-resolution ARPES spectra taken at the possible line nodes as a function of non-magnetic impurity concentration. Note that a similar effect would happen if the OP in the ASW state had a small isotropic part.
Since the experiments are done at finite temperature, it is important to divide the spectra by the Fermi occupation factor (after a careful background subtraction) for a comparison of the data to our theoretical curves. Figs. 1(b-d) show that the reduction of ∆ by increasing the temperature is negligible if T/T c < 0.2 (as in actual measurements), so that our T = 0 results should be applicable when thermal occupation of quasiparticle states with E k > 0 is taken into account.
A final comment concerns the data published by Shen et al. [2] . They showed that the anisotropy of their extracted gap values decreases as a function of time after the cleavage of the sample. If this aging would be due to the creation of non-magnetic impurities, e. g., by the diffusion of oxygen, then the effect could be understood in terms of an ASW state as we showed above. It is also possible that it is due to a degradation of the surface quality, as Shen et al. argue, in which case the resulting poorer k resolution could be responsible for the effect.
But in this case, one might expect (i) an enhanced width of the superconducting quasiparticle peak which was not observed, and (ii) that the poorer k-resolution should also wash out the k-dispersion in the normal state data. A sytematic study of bulk irradiated samples would certainly be more conclusive, and is therefore highly desirable. However it has to be made sure that the radiation damage does not lead to localized magnetic moments, or a shift in the chemical potential, since this would mask the effects we were discussing.
In conclusion, we have compared the effect of non-magnetic impurities on the properties of superconductors with a d x 2 −y 2 versus a highly anisotropic s-wave OP, both with the same nodal structure. We have shown that even though the two states are indistinguishable in experiments which probe Fermi surface averages of the OP, their behaviour is qualitatively different in the presence of non-magnetic impurities. The difference comes from the non-vanishing, impurity induced, off-diagonal self-energy in the ASW state, which leads to the opening up of a true gap in the single particle excitations of dirty samples. In particular, we discussed how this effect could be observed in ARPES experiments.
